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Abstract: The argyrodite compounds ( A (m12 n ) / m Bn  X 62 (Am+ = Li+, Cu+, and Ag+; Bn+ = Ga3+, Si4+,
Ge4+, Sn4+, P5+, and As5+; and X2−= S2−, Se2−, or Te2−)) have attracted great attention as excellent
thermoelectric (TE) materials due to their extremely low lattice thermal conductivity (κl). Among
them, Ag8SnSe6-based TE materials have high potential for TE applications. However, the pristine
Ag8SnSe6 materials have low carrier concentration (< 1017 cm−3), resulting in low power factors. In
this study, a hydrothermal method was used to synthesize Ag8SnSe6 with high purity, and the
introduction of SnBr2 into the pristine Ag8SnSe6 powders has been used to simultaneously increase
the power factor and decrease the thermal conductivity (κ). On the one hand, a portion of the Br− ions
acted as electrons to increase the carrier concentration, increasing the power factor to a value of
698 W·m−1·K−2 at 736 K. On the other hand, some of the dislocations and nanoprecipitates (SnBr2)
were generated, resulting in a decrease of κl (0.13 W·m−1·K−1) at 578 K. As a result, the zT value
reaches 1.42 at 735 K for the sample Ag8Sn1.03Se5.94Br0.06, nearly 30% enhancement in contrast with
that of the pristine sample (~1.09). The strategy of synergistic manipulation of carrier concentration
and microstructure by introducing halogen compounds could be applied to the argyrodite compounds
to improve the TE properties.
Keywords: Ag8SnSe6; thermoelectric (TE) performance; lattice thermal conductivity; SnBr2 introduction;
hydrothermal method

1

Introduction

Thermoelectric (TE) materials attract great attention
† Zhonghai Yu and Xiuxia Wang contributed equally to this work.
* Corresponding authors.
E-mail: C. Liu, chengyanliu@guet.edu.cn;
L. Miao, miaolei@guet.edu.cn

due to their great potential applications of solid state
cooling and power generation [1–6]. Generally, the
performance of TE materials can be evaluated by the
dimensionless figure of merit zT (zT = S2σT/κ, where S
is the Seebeck coefficient, σ is the electrical conductivity,
T is the absolute temperature, and κ is the total thermal
conductivity [7–10]). To obtain a high zT value, a high
power factor (PF = S2σ) and a low κ should be
obtained [11,12]. In the past decades, several effective
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ways have been developed to enhance the zT values.
The approaches to optimize the power factor include
energy band engineering [13–15], carrier engineering
[16–18], resonance energy level [13,16], increasing the
carrier mobility (μ) [17–19], and energy band filtering
[20]. Meanwhile, the lattice thermal conductivity (κl)
could be substantially reduced by multi-scale scattering
of phonons, such as point defects, nanostructures, and
anharmonic chemical bonding. Besides, the phonon
glass and electron crystal (PGEC) and phonon liquid
and electron crystal (PLEC) concepts as successful
guidance have been used to search potential good TE
materials [21].
The argyrodite compounds belong to a relatively
complex class of ionic conductors that could be treated
as PLEC TE materials. The chemical general formula
of these compounds is A (m12 n ) / m Bn  X 62 (Am+ = Li+,
Cu+, and Ag+; Bn+ = Ga3+, Si4+, Ge4+, Sn4+, P5+, and
As5+; and X2− = S2−, Se2−, or Te2−) [22]. It has been
found that the argyrodite compound family exhibits
ultra-low κ, such as Ag8SnS6 and Ag8GeSe6, mainly
resulting from the fact that the phonon mean free path
was down to the order of interatomic spacing [23,24].
In general, the intrinsic κl of argyrodite compounds has
been reported in the range of 0.2–0.4 W·m−1·K−1
[23,25,26]. Among the argyrodite compounds,
Ag8SnSe6 has been considered as a promising TE
material due to its potential high TE performance [27].
For example, Li et al. [26] prepared Ag8SnSe6-based
samples by using a melting method leading to the low
κ (0.2–0.45 W·m−1·K−1) over the whole temperature
range, and a peak zT ≈ 1.1 at 723 K. Nevertheless, the
as-prepared pristine Ag8SnSe6 shows low carrier
concentration (n ≈ 1.22×1017 cm−3), which may be
enhanced by carrier engineering. In our previous work,
the introduction of excess Sn was used to successfully
modulate the self-defect of Ag8SnSe6, and n was
effectively increased. Therefore, the peak zT value of
Ag8Sn1.005Se6 was increased to ~1.22 at 715 K [27].
Recently, Li et al. [25] reported that Nb doping at Sn
site in Ag8SnSe6 contributed to an enhanced n (7.6
1018 cm−3) and lower κl with peak TE merit values of
zT > 1.2 and zTavg up to 0.8. Ta doping was also
reported to be an effective approach to obtain single
phase Ag8SnSe6 with increased n (6.21018 cm−3). As a
result, a peak zT of ~0.51 was achieved at 390 K for
the sample Ag8Sn0.9625Ta0.0375Se6 [28]. In addition, κl
can be reduced from 0.17 to 0.12 W·m−1·K−1 at 645 K
through Cu substitution at Ag sites, which induces

point defects and lattice distortion [29].
According to the above studies, the TE properties of
Ag8SnSe6 materials are mainly optimized by doping
with heterogeneous atoms at Ag or Sn cationic sites.
However, to the best of our knowledge, there is no
literature on the optimization of doping at the Se anion
site. Halogen compounds were commonly used as
excellent dopants for n-type doping, especially in TE
selenides, such as SnSe2, SnSe, and AgBiSe2 [30–33].
For instance, Liu et al. [34] synthesized Cl-doped
polycrystalline SnSe2 embedded with AgSnSe2
nanoprecipitates by a bottom–up approach. Ultimately,
the maximum zT of SnSe2 increased to 1.03 at 789 K.
Li et al. [35] declared that Br doping in SnSe led to an
enhancement of n from 1.6×1017 to 1.3×1019 cm−3. As
a result, the TE properties of SnSe0.88Br0.12 sample
were improved (zT ≈ 1.3 at 773 K). Guin et al. [31]
showed that the introduction of Cl ions in the AgBiSe2
sample greatly increased the n, leading to zT ≈ 0.9 for
by
the sample AgBiSe1.98Cl0.02 at 810 K. Motivated
these works, the TE performance of Ag8SnSe6 is
expected to be optimized by halide participation, which
particularly acts as a guidance to generally enhance the
TE performance of argyrodite compounds.
In this study, we successfully synthesized the pristine
Ag8SnSe6 by a hydrothermal reaction and condensation
reflux method, and confirmed that the former is
beneficial to obtain the product with higher purity as
well as TE performance. On this basis, n is further
successfully increased by SnBr2 participation. Meanwhile,
the SnBr2 introduction also generates a large number of
dislocations and nanoprecipitates, which further
reduces κl (~0.13 W·m−1·K−1 was obtained at 578 K
for Ag8Sn1.03Se5.94Br0.06). Thanks to the synergistic
optimization of electron and phonon transport, the zT
value is enhanced to 1.42 at 735 K. This study indicates
that halide participation could play an important role in
improving the TE properties of argyrodite compounds.

2

Experimental

In this study, two wet chemical methods (condensation
reflux method and hydrothermal method) were used to
synthesize Ag8SnSe6. Hydrothermal method: First,
deionized water (300 mL), AgNO3 (16.987 g, 99.99%,
Aladdin, China), SnCl2·2H2O (2.821 g, 99.99%,
Aladdin, China), and SeO2 (8.322 g, 99.99%, Aladdin,
China) powders were added into a 500 mL autoclave
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under magnetic stirring. Then, ~25 mL of N2H4·H2O
(hydrazine hydrate > 98%, Aladdin, China) was
gradually transfused into the mixed solution drop by
drop, followed by a stirring process for about 10 min at
room temperature. The autoclave was sealed and hold
at 473 K for 24 h, after cooling naturally to room
temperature. Condensation reflux method: According
to the molar ratio of Ag:Sn:Se = 8:1:6, 16.987 g
AgNO3, 2.821 g SnCl2·2H2O, and 8.322 g SeO2 was
weighed and poured into a three-necked flask with a
stirring bar to completely dissolve the drugs in 250 mL
ethylene glycol. N2H4·H2O was added slowly dropwise
to the solution and heated to 473 K for 48 h of reaction
(N2H4·H2O acts as a reducing agent and solvent,
creating an alkaline environment for the solution [36]).
The products obtained by both wet chemical methods
were naturally cooled to room temperature and poured
into a 500 mL beaker. Finally, the black product was
washed several times with deionized water and
anhydrous ethanol, and dried under vacuum at 353 K
for 10 h to obtain the powders.
Preparation of bulk polycrystalline Ag8Sn1+xSe6−2xBr2x
(x = 0, 0.01, 0.02, 0.03, and 0.04): The as-prepared
powders were cold-pressed into cylinders with a
diameter of ~20 mm under a pressure of ~10 MPa. The
samples were placed in a tube furnace which was
heated to 673 K at 4 K·min−1 and then kept in a mixed
gas reducing atmosphere (95 vol% Ar+5 vol% H2) for
2 h. After natural cooling to room temperature, the
ingots were ground into powders. To synthesize SnBr2
introduced samples, SnBr2 powders were weighed and
mixed with the Ag8SnSe6 powders (8.500 g) in a
glove box. The mixed powders were cold-pressed
again into cylinders with a diameter of ~10 mm under
a pressure of ~6 MPa. Then, the samples were vacuumsealed into quartz tubes with an internal diameter of
~13 mm and placed in a muffle furnace, followed by a
solid state reaction at 973 K for 2 h. Finally, the
naturally-cooled bulk materials were ground into
powders in an agate mortar, and then hot pressed into
cylinders with a diameter of ~15 mm and a thickness
of ~7 mm at 900 K for 30 min under 50 MPa pressure
and vacuum.
The phase structures of all the samples were
analyzed using an X-ray diffractometer (D8 Advance,
Bruker, Germany). The microscopic morphologies of
the samples were observed with a scanning electron
microscope (SEM; S-4800, Hitachi, Japan) with an
energy dispersive spectroscopy (EDS) equipment and a

transmission electron microscope (TEM; G220, Tecnai,
USA). To analyze the optical band gap (Eg) of the
samples, an ultraviolet–visible–near-infrared (UV–Vis–
NIR) spectrophotometer (Lambda 750S, PerkinElmer,
USA) was used to obtain the optical absorption spectra.
The resistivity and S were measured using a commercial
equipment (ZEM-3, Ulvac-Riko, Japan). The μ and n
were collected on a Hall effect measurement (Lake
Shore 8404, Lake Shore, USA). The thermal diffusivity
(D) was tested under a low-pressure argon atmosphere
with a commercial device (DXF-500, TA, USA).  =
Dcpd was used to calculate the thermal conductivity,
where d is the density of the sample and cp is the
specific heat capacity of the sample. In this study, cp
comes from the value reported in Ref. [25]. The
uncertainty of the electrical resistivity and S is about
3%, and the uncertainty for κ is about 12%. The
uncertainty for final zT is about 20%.

3

Results and discussion

The phase compositions of the powders obtained by
the hydrothermal reaction and reflux condensation
method were analyzed by the X-ray diffraction (XRD)
(Fig. S1 in the Electronic Supplementary Material
(ESM)). The main diffraction peaks could be well
matched with the low-temperature orthorhombic phase
Ag8SnSe6 [37] (β-phase, space group Pmn21, ICSD#
95093). No impurity phases were detected in the powders
synthesized by the hydrothermal reaction. However,
the powders obtained by the reflux condensation show
impurity peaks, which could be ascribed into the Ag2Se
phase (PDF#24-1041) [38]. The TE properties of the
corresponding bulk samples prepared via these two
methods were compared, and the samples prepared by
the hydrothermal method were found to have better TE
properties (Fig. S2 in the ESM). The Ag2Se is a narrow
band-gap semiconductor (~0.2 eV) with a higher κ
(~1 W·m−1·K−1) than that of Ag8SnSe6 (< 0.5 W·m−1·K−1)
[38]. The considerably generation of this impurity
phase (Ag2Se) should act as the main reason for
deteriorating the TE performance of samples (higher κ,
Fig. S2 in the ESM) obtained by the reflux condensation.
Therefore, the Ag8SnSe6 powders synthesized by the
hydrothermal method were adopted to fabricate bulk
polycrystalline Ag8Sn1+xSe6−2xBr2x (x = 0, 0.01, 0.02,
0.03, and 0.04).
The room-temperature XRD patterns of the bulk
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samples Ag8Sn1+xSe6−2xBr2x (x = 0, 0.01, 0.02, 0.03,
and 0.04) are shown in Fig. 1(a). The diffraction peaks
of all the samples could be well matched with the
low-temperature orthorhombic phase Ag8SnSe6 without
any impurity phases [37]. Meanwhile, the diffraction
peak corresponding to the (202) crystal plane shifts to
higher degrees with increasing SnBr2 content (Fig. 1(b)).
Correspondingly, the lattice parameters a, b, and c
obtained from the refinement of powder X-ray
diffraction (PXRD) patterns (Table S1 in the ESM)
slightly decrease with increasing x, which may be
mainly due to the facts that the ionic radius of Br (1.96 Å)
is smaller than that of Se (1.98 Å) [39], and selfdefects such as Ag vacancy are enhanced. These
phenomena indirectly indicate that part of SnBr2
entered into the lattice of Ag8SnSe6.
The relative densities of all the pellets are larger
than 93% of the theoretical value and increase with
increasing x (Table S2 in the ESM). This is in
accordance with the field-emission scanning electron
microscopy (FE-SEM) observations (Fig. S3 in the

Fig. 1 (a) PXRD patterns of the samples Ag8Sn1+xSe6−2xBr2x
(x = 0, 0.01, 0.02, 0.03, and 0.04); (b) magnified XRD
patterns in the 2θ range of 27°–29° as marked by the red
dotted rectangle.

ESM), where fewer holes were observed in the samples
with higher SnBr2 contents. The element distribution
was also tested by using the EDS. As shown in Fig. S4
in the ESM, some Ag enrichment regions can be
characterized, suggesting that Ag segregation was easy
to generate in Ag8SnSe6, as reported in Ref. [37].
The relationships of the optical absorption data of
all the samples at room temperature are shown in
Fig. 2(a). The corresponding Eg is usually obtained
according to the Kubelka–Munk relationship: F(R) =
(1−R)2/(2R), where R is the reflectivity ratio [9]. The
optical Eg of the pristine Ag8SnSe6 is 0.8 eV, and the
optical Eg of Ag8Sn1.03Se5.94Br0.06 is 0.83 eV. In our
previous study, the Sn self-doped sample Ag8Sn1.005Se6
had an optical Eg of 0.79 eV [27]. This increase of Eg
should be induced by the substitution of Br at Se site
due to the higher electronegativity. The differential
scanning calorimetry (DSC) heat flow curves of the
Ag8Sn1+xSe6−2xBr2x samples with respect to temperature
are shown in Fig. 2(b). The curves for all the samples
have an endothermic peak near 355 K. This peak
corresponds to the phase transition point temperature
from the room-temperature β-phase to the hightemperature γ-phase [40]. Furthermore, the phase
transition temperature decreases with increasing x.
This phenomenon is common in liquid-like materials if
the configuration entropy (ΔS) is increased by foreign
atomic doping [29].
In order to study the effect on microstructures after the
introduction of SnBr2, we used the TEM to characterize
the pristine Ag8SnSe6 and Ag8Sn1.03Se5.94Br0.06 samples
(Fig. 3). On one hand, as shown in Figs. 3(a) and 3(b)
for the pristine sample, it is found that crystal plane
spacing is 2.43 Å, which corresponds to the (311)
crystal plane of the Ag8SnSe6. Otherwise, dislocations were
rarely found. On the other hand, from a high-resolution
TEM image (Fig. 3(c)) of the Ag8Sn1.03Se5.94Br0.06 and

Fig. 2 (a) Normalized optical absorption versus photon energy (hv) and (b) DSC for the hot-pressed Ag8Sn1+xSe6−2xBr2x.
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the corresponding inverse fast Fourier transform (IFFT)
images (the inset in Fig. 3(d)), some obvious dislocations
were observed. Furthermore, SnBr2 nanoparticles were
found in the Ag8Sn1.03Se5.94Br0.06 sample though they
were not detected by the XRD possibly due to the
limited accuracy. As shown in Fig. 3(e), the crystal
plane spacing of 2.26 Å corresponds to the (422) plane
of SnBr2, while the crystal plane spacing of 2.43 Å

could be indexed to the (311) plane of the Ag8SnSe6
(Fig. 3(f)). As a result, it is possible that part of the
SnBr2 enters into the Se sites for substitution doping,
and part of it exists in the matrix phase Ag8SnSe6 as
the SnBr2 second phase.
Figure 4 represents the electrical transport properties
of Ag8Sn1+xSe6−2xBr2x (x = 0, 0.01, 0.02, 0.03, and 0.04).
All the samples show semiconductor-like electron transport

Fig. 3 Low-magnification TEM images of the samples: (a) Ag8SnSe6 and (c) Ag8Sn1.03Se5.94Br0.06; high-magnification TEM
images of the samples: (b) Ag8SnSe6 and (d–f) Ag8Sn1.03Se5.94Br0.06.

Fig. 4 Temperature dependence of the electrical transport property for Ag8Sn1+xSe6−2xBr2x (x = 0, 0.01, 0.02, 0.03, and 0.04): (a)
σ, (b) S, (c) the relationship between S and n, and (d) PF.
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behavior at low temperatures, while metal-like behavior
is observed at high temperatures. This is in general
agreement with Ref. [27]. However, due to the relatively
low temperature resolution of the commercial ZEM-3,
it is difficult to accurately determine the phase transition
temperature from the measurements of TE properties at
temperatures close to the phase transition temperature
(~356 K). As for the difference between the DSC phase
change temperature and the electrical property inflection
point, it may be due to the hysteresis phenomenon
caused by the heat transfer when the electrical properties
were tested as a block sample. Besides, σ is obviously
enhanced by the SnBr2 participation over the whole
temperature. For example, the σ of Ag8Sn1.03Se5.94Br0.06
is improved from 0.66×104 to 1.88×104 S·m−1 at 736 K
in comparison with the pristine Ag8SnSe6 (Fig. 4(a)).
The S of the samples is negative over the entire
temperature range (Fig. 4(b)), indicating the n-type
conduction characteristic. Meanwhile, the introduction
of SnBr2 effectively decreases S. The S of the
Ag8Sn1.03Se5.94Br0.06 is about 255 V·K−1 at 324 K. In
order to study the physical mechanism of electronic
transport, we performed the Hall effect measurements
(Table S1 in the ESM). It is well known that the
conductivity is determined by n and μ through the
equation σ = neμ. n is enhanced by the introduction of
SnBr2 (Table S3 in the ESM). For example, in
comparison with that of the pristine Ag8SnSe6, n of
Ag8Sn1.03Se5.94Br0.06 is increased from 1.99×1017 to
1.93×1018 cm−3 at 300 K. It is close to the optimized n
(Fig. S5 and Section S1 in the ESM) though the
enhancement of n is weaker than that of Ta and Nb
doping [25,28,37].
Figure 4(c) presents that S depends on the n. The
single parabolic band model (SPB) with acoustic

phonon scattering could well reflect the electrical
transport performance of Ag8SnSe6 [25,40]. The
relationship between S and n of our synthesized
samples at room temperature falls near the curve with
m* ≈ 0.2me, where m* is the effective mass and me is
the effective mass of an electron which agrees with the
previously reported results [25,29,37], indicating that
the introduction of SnBr2 does not change m*
significantly. Therefore, the changes in σ and S are
mainly caused by the increase in n. Figure 4(d)
shows the variation of power factors of the samples
with temperature. At 736 K, the PF of the pristine
Ag8SnSe6 is 530 W·m−1·K−2, which increases to
698 W·m−1·K−2 for the sample Ag8Sn1.03Se5.94Br0.06,
indicating that introducing SnBr2 could improve the
PF.
Figure 5(a) shows the temperature-dependent κ for
the samples Ag8Sn1+xSe6−2xBr2x (x = 0, 0.01, 0.02, 0.03,
and 0.04). The relative densities of all the pellets are
larger than 93% of the theoretical value (Table S2 in
the ESM). From Fig. 5(a) we can see that the
introduction of SnBr2 acts to increase κ. At 373 K, κ
increases from 0.28 W·m−1·K−1 for the pristine
Ag8SnSe6 to 0.31 W·m−1·K−1 for the sample
Ag8Sn1.03Se5.94Br0.06. All the samples exhibit low κ
over the temperature range of 323–735 K. The κ consists
of two components: carrier thermal conductivity (κe)
and κl. κe can be calculated using the Weidmann–Franz
law:  e  L T , where L is the Lorentz constant,
which is calculated according to the SPB model.
As shown in Fig. 5(b), the introduction of SnBr2
decreased κl. For instance, at 578 K, κl is reduced
from 0.23 W·m−1·K−1 for the pristine Ag8SnSe6 to
0.13 W·m−1·K−1 for the sample Ag8Sn1.03Se5.94Br0.06,
which reaches the same level obtained in the Cu-doped,

Fig. 5 Temperature dependence of the thermal transport property for Ag8Sn1+xSe6−2xBr2x (x = 0, 0.01, 0.02, 0.03, and 0.04): (a)
κ and (b) κl. D and NP in (b) represent the dislocation and nanoprecipitate, respectively (κl min-cal is calculated based on the model
proposed by Debye–Callaway).
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Nb-doped, and Sn-excess Ag8SnSe6 [25,27,29,37] and
approaches the theoretical minimum value [25]. Usually,
high n leads to lattice softening, which suppresses the
speed of sound [41,42]. However, the result of sound
velocity measurement in this work (Table S4 in the
ESM) shows that the reduction of average sound
velocity induced by SnBr2 participation is weak.
Therefore, the main contribution for the depression of
κl should be ascribed to the decrease of relaxation time.
We analyzed κl by using the Debye–Callaway model
(Section S2 and Fig. S6 in the ESM) [43]. Due to the
similarity in both size and mass between Br and Se, the
point defect scattering resulting from Br substitution at
Se sites is negligible (Fig. S6 in the ESM). Whereas,
after taking into account the effects of dislocation and
nanoprecipitate, which increase with increasing the SnBr2
additive just as observed by the TEM characterization,
the experimental κl is basically consistent with the
prediction (Fig. 5(b) and Fig. S6 in the ESM), revealing
that the dislocation and SnBr2 nanoprecipitate mainly
dominate the enhanced phonon scattering process.
The variations of zT values with temperature for all
the samples are shown in Fig. 6(a). The TE performance
of Ag8SnSe6 is significantly improved by introducing
SnBr2. For example, the zT value of the sample
Ag8Sn1.03Se5.94Br0.06 reaches ~1.42 at 735 K, which is
about 30% enhancement in comparison with the
pristine Ag8SnSe6 (~1.09). As given in Fig. 6(b), the
comparison of the average zT between our work and
other argyrodite compounds [25,37,40,44–51] indicates
that Ag8Sn1.03Se5.94Br0.06 has excellent TE properties
(zTavg of ~0.89 in the range of 323–735 K), which
provides a guide for the further improvement of the TE
properties of argyrodite compounds.

4

Conclusions

In this work, the pristine Ag8SnSe6 samples were
successfully prepared by a hydrothermal method.
Introducing SnBr2 can optimize the TE transport
properties as follows. On the one hand, a part of Br in
SnBr2 enters into the Se site, increasing n and σ. On the
other hand, additional SnBr 2 nanoprecipitate is
presented in the form of a second phase in the matrix
phase. In addition, the resulting microstructures such
as dislocation can act as the scattering centers, further
reducing κ l . Finally, κ l is the lowest at 578 K
(~0.13 W·m−1·K−1). The sample Ag8Sn1.03Se5.94Br0.06

Fig. 6 (a) Temperature dependence of zT for the samples
Ag8Sn1+xSe6−2xBr2x (x = 0, 0.01, 0.02, 0.03, and 0.04) and
(b) comparison of the zTavg of this work with other
argyrodite compounds [25,37,40,44–51].

obtained an excellent zT value of ~1.42 at 735 K. This
study shows that halogen doping contributes to the
improvement of the TE properties of the argyrodite
compounds.
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